In this paper we present an object-oriented concept for numerical simulation of multi-field problems for coupled hydrosystem analysis. Individual (flow) processes modelled by a particular partial However, the coupling requires a bridging of different temporal and spatial scales, which is solved here by the integration of fluxes (spatially and temporally). In closing we present three application examples: a benchmark test for overland flow on an infiltrating surface and two case studies -at the Borden site in Canada and the Beerze-Reusel drainage basin in the Netherlands.
INTRODUCTION
Hydrological systems belong to the most complex, dynamic and fragile environmental systems affected by both natural and human pressures. Hydrological systems encompass not only hydro-and geosphere partitions, but are affected by the bio-and atmosphere as well. An integrated process understanding is required in order to evaluate the impact of anthropogenic influences and the evolution of hydrosystems (Chen et al. 2006) . (Anderson & Burt 1985; Abbott et al. 1986a; Singh & Frevert 2005) . In subsurface hydrology well-established models exist for both saturated and variably saturated flow in porous media (Huyakorn & Pinder 1983; Simunek et al. 1999 ) and in dual-continua porous media (Vogel et al. 2001) .
Coupled surface-subsurface flow models have been developed since they were first outlined in (Freeze & Harlan 1969) . Examples of existing conceptual models and numerical codes include MODFLOW2000 (MODular three finitedifference ground-water FLOW model (Harbaugh et al. 2000) ), TOPMODEL (physically based runoff production model (Bertoldi et al. 2004) ), Feflow (Wasy Software (2004) Object-oriented programming (OOP) has proven to be a key concept in developing complex software not only in engineering computation (e.g. Forde et al. 1990 ) but also in hydrogeology (Desitter et al. 2000; .
Its advantages become particularly visible in the context of large developer teams and for the reuse, maintenance and extension of codes. In the field of water resources and hydrology, recent object-oriented software developments include models for flood analysis (Alfredsen & Saether 2000) , topographically based watershed analysis (Wang et al. 2005) , surface water quality (Elshorbagy & Ormsbee 2006) and pollutant transport in mine spoil heaps (Gandy & Younger 2007) . The approval of integrated approaches also spawned object-oriented modelling software aimed at integration on a higher level. Within the hydrology community the CUAHSI (2007) Hydrologic Information System 
Compartment approach
Two of the most difficult and challenging topics in hydrosystem analysis are scale bridging and process coupling. To overcome these difficulties, we propose a compartment 
GOVERNING EQUATIONS
In this section we briefly summarise the governing 
Groundwater flow: Darcy equation
The groundwater flow is described by a three-dimensional fluid mass balance equation with fluxes given by Darcy's law which is restricted to laminar flow (Bear 1988 
where S res is the residual saturation, the empirical functions for capillary pressure and relative permeability are
where a and m are soil material parameters.
Overland flow: diffusive wave shallow water equation 
The conductivity terms k of rel and K of are given by
where n of is the Manning coefficient and S s is the friction slope coefficient given by
ð12Þ
Nonlinear diffusion equation
The previously introduced governing equations for groundwater, soil and overland flow belong to the general class of (nonlinear) diffusion type partial differential equations which can be written as
where U is the unknown field function (primary variable), A 
Galerkin finite element method
The standard Galerkin finite element method is used for the subsurface compartments (soil and groundwater) because of the slow water movement. In order to obtain the weak formulation of the general diffusion equation, the expression (13) is multiplied by test functions v and integrated over the domain V, giving
Applying Green's formula gives
where G ¼ ›V is the domain boundary. These equations are valid for all test functions v in the Sobolev space H 1 (V).
In Therefore, Equation (15) is transformed into an algebraic equation system
The basis functions are subdivided into local basis functions for each element e with the domain V e giving
where ne is the number of element nodes. Equation (19) 
the mass matrix lumped form of Equation (20) is 
After the derivation of a general finite element scheme for the nonlinear diffusion Equation (13), the resulting finite element matrices are specified for the corresponding flow processes.
Control volume finite element method for overland flow
The traditional finite element methods such as the Galerkin and Petrov-Galerkin schemes tend to show non-physical oscillations for overland flow simulations (Giammarco et al. 1996; Beinhorn 2005 where
The conductance term can be written as
where k rel (u), K represent primary variable dependent and independent parts, respectively. They are given for overland flow by Equations (10) and (11) 
and upwinding is implemented by Jacobian matrix in this iteration is approximated by a numerical derivative, which provides an effective matrix assembly method (Forsyth et al. 1995) .
Object orientation
Object-oriented programming regards a software programme as a collection of objects and their defined interactions. Hereby, objects are instances of (abstractly) defined classes that contain both data (also called proper- Geometries are defined process-independent by geometrical objects such as points, polygons, surfaces and volumes (GEO). These can be used for a computationally efficient visualisation of overall geometries as well as for initialisation of MSH objects, e.g. for the initial definition of the individual compartments. However, depending on the flow process and/or the coupling of processes the MSH object itself is allowed to adapt in accordance with the temporal and/or spatial evolution of the process(es).
Thereby, (adjacent) MSH objects of coupled processes are required to be topologically consistent at their mutual interface. The latter means that each coupling boundary element of a MSH object always has a defined neighbouring element belonging to a coupled MSH object. Based on these topological mesh relations the assignment of correct coupling fluxes is facilitated.
COUPLING CONCEPT
In general, two concepts exist for equation coupling:
monolithic schemes for strongly coupled systems (e.g. 
Flux coupling
The coupling concept is based on first-order flux exchange relationships at the compartment interfaces (Figure 2 ). coupling is topological consistency, specifically, the interface area between coupled compartments has to be the same for both.
If we consider the coupling between overland flow and unsaturated flow in soils, the vertical fluxes of the former are collected and passed to the latter process within hydraulically relevant time periods. This means integrating fluxes on certain compartment elements over proper time intervals, yielding source terms. The overland and soil process coupling is 
As an example we provide the coupling equation for the surface and soil compartments which is based on an interface layer concept (Delfs et al. , 2008 . The interface layer allows the definition of a discrete exchange flux to couple the flow processes in both compartments mutually. The description of the interface flux is motivated by a Darcy approach (VanderKwaak 1999):
where k c r [ ½0; 1 is a infiltration capacity, K c is the interface layer conductivity and a is the interface layer thickness. 
Time stepping synchronisation
Besides spatial discretisation, time stepping schemes need to meet process-specific requirements. This is critical for numerical stability as each individual flow process may require completely different time steps. This is underlined by the Neumann criteria for maximum time steps in diffusion type partial differential Equations (13):
where Dl is a characteristic length scale of the spatial discretisation and D is a process-related diffusivity coefficient.
The time stepping for all processes was synchronised in order to calculate exchange terms according to Equation (33). Table 1 
EXAMPLES
In this section three examples are provided in order to verify the compartment approach and to demonstrate the applicability of this concept to field data.
The verification of the present numerical code for the individual processes is given, for example, in Kolditz et al.
(1998) and Beinhorn (2005) . Despite abundant test cases for flow in saturated and unsaturated porous media (e.g. Segol 
Smith & Woolhiser laboratory experiment
A well-known problem in process coupling is that, even if numerical models for the individual processes are implemented correctly, their combination can fail if the coupling scheme is not appropriate. Therefore, the compartment approach was tested against experimental data. 
Rainfall -runoff experiment at the Borden aquifer
The second example is based on a field-scale rainfall -runoff experiment at the Canadian Forces Base, Borden, Ontario.
The experimental set-up and evaluation are described in Abdul (1985) and Abdul & Gilham (1989) . A comprehensive documentation of site details, flow characteristics and results can be found in VanderKwaak (1999) and Hydrosphere (2004) . In order to apply the presented compartment approach for the coupling of overland, soil water and groundwater flow, we modified the description of the subsurface zone. We introduced two separate compartments, one for an unsaturated and one for a groundwater domain of two and ten meters thickness, respectively. 
